The purpose of this study is to assess the mean RF power radiated by mobile telephones during voice calls in 3G VoIP (Voice over Internet Protocol) using an application well known to mobile Internet users, and to compare it with the mean power radiated during voice calls in 3G VoCS (Voice over Circuit Switch) on a traditional network. Knowing that the specific absorption rate (SAR) is proportional to the mean radiated power, the user's exposure could be clearly identified at the same time. Three 3G (High Speed Packet Access) smartphones from three different manufacturers, all dual-band for GSM (900 MHz, 1800 MHz) and dual-band for UMTS (900 MHz, 1950 MHz), were used between 28 July and 04 August 2011 in Paris (France) to make 220 two-minute calls on a mobile telephone network with national coverage. The places where the calls were made were selected in such a way as to describe the whole range of usage situations of the mobile telephone. The measuring equipment, called "SYRPOM", recorded the radiation power levels and the frequency bands used during the calls with a sampling rate of 20,000 per second. In the framework of this study, the mean normalised power radiated by a telephone in 3G VoIP calls was evaluated at 0.75% maximum power of the smartphone, compared with 0.22% in 3G VoCS calls. The very low average power levels associated with use of 3G devices with VoIP or VoCS support the view that RF exposure resulting from their use is far from exceeding the basic restrictions of current exposure limits in terms of SAR.
INTRODUCTION
The arrival of 3G networks has enabled considerable advances in mobile communication services, allowing them to progress from just a few kbps in 2G to several dozen Mbps in 3G/HSPA (High Speed Packet Access). Like their forerunners, 3G networks offer voice calls in VoCS mode (Voice over Circuit Switch). The 3G VoCS is characterised by "circuit routing" in the core network and by the use of a dedicated radio channel called R99 (Release 99). It is increasingly frequent for the 3G networks to route voice calls in VoIP mode (Voice over Internet Protocol), the use of which has become widespread due to numerous mobile applications. The 3G VoIP is characterised by "packet routing" in the core network and by the use of a shared radio channel (HSPA) initially meant for the data service (with a speed clearly superior to R99). Research studies have been carried out over recent years to measure the radio-frequency power radiated by 2G and/or 3G mobile telephones in order to assess the real exposure of users. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Radiated power, which can vary in a dynamic range of 70 dB, is the parameter that has the greatest influence on exposure. For voice calls in 3G, the modes studied so far are VoCS on R99, and VoIP calls embedded in other uses such as web-browsing, downloading, so on. 7, 10 All mobile telephones commercialised in the European market must respect the specific absorption rate (SAR) limit of 2 W/kg averaged over 10 g of tissue (1.6 W/kg over 1 g for the United States). As the SAR is proportional to the radiated power, measuring this radiated power provides an assessment of the reduction of the SAR, and hence the exposure associated with this parameter. The purpose of this study is to compare, in real usage situations, the power radiated by a mobile telephone in 3G VoIP (HSPA) voice calls to that radiated in 3G VoCS (R99) voice calls, in order to evaluate the different user exposure levels. We are presenting, successively, the results on the mean power values detailed by places, then globally and then finally, the results regarding the highest power encountered during each individual call.
MATERIALS AND METHODS
The device used for measuring the RF power (P e ) radiated by the telephone is called "SYRPOM". A view of the system as a whole is shown in Figure 1 . It comprises a probe consisting of a resistor-loaded dipole, processing electronics and a micro-computer which controls the system, processes and records the data and displays the results. The processing electronics consist, essentially, of an amplitude-sensitive receiver which detects and records the three European frequency bands, that is, GSM900 and UMTS900 (880-915 MHz), DCS1800 (1710-1785 MHz) and UMTS2100 (1920 ( -1980 . This frequency selectivity enables identification of the frequency band in which the transmission takes place.
The links between the different parts of the SYRPOM are hardwired, thus avoiding the pick up of unwanted radio-frequency radiation. The probe is placed behind the telephone close to the aerial. It is electro-magnetically coupled to the telephone's aerial; this coupling is constant over time. Thus, the output power of the probe is proportional to the radiation power of the telephone. The probe interferes very little with the signal radiated by the telephone and its presence does not modify the latter's operation. 11 Following a first version developed to study the radiation from GSM mobile telephones, a new version of the SYRPOM has been devised for 3G telephony. The study of a telephone in 3G mode requires a prior calibration phase to be carried out in the laboratory on the mobile driven by a base station emulator, to determine the reception level of the SYRPOM corresponding to a radiation at maximum power (P max ) of each band. The SYRPOM therefore can calculate the mean normalised radiated power (P e /P max; hereinafter MNRP) of the UMTS frames, which it identifies by discarding the GSM frames, if any. The SYRPOM has a dynamic range of around 80 dB (i.e., a factor of 1:100,000,000 in power), making it easy to measure the complete set of levels encountered in 3 G. 13 The SYRPOM is independent from the network and from the mobile telephone, which is not so when using other systems, for example, systems based on analysis of data provided by a network supervisor software, 2, 3, 8, 10 or using test mobile telephones 1 or software-modified telephones. [4] [5] [6] 9 The system carries out the tests on a real user; it is lightweight and portable, so tests can be carried out in all possible situations, in particular in the case of a user on foot. This would be impossible, for example, with a SYNEHA2 type system. 12 Bearing in mind the principle, it is compatible with all mobile telephones, whatever their type ( Figure 2) .
A measuring campaign was carried out. In order to simulate genuine usage situations, real voice calls were made to a voice server (telephone line with automatic answering). The telephone, equipped with a SIM card issued by a French operator and associated with a general public mobile telephone plan, provided access to the 3G network and, if unavailable, to the 2G network. The telephone was hand-held by the technician close to his head. For reasons of repeatability and comfort of the technician, a medium-speed speech (recorded on the PC) was played back over a small speaker close to the mobile telephone's microphone throughout the call. The mobile telephone was also charged regularly and its good performance was also checked.
The places where the readings were taken were selected in such a way as to cover the whole range of usage situations of the mobile telephone: Offices, cafes/restaurants, public spaces (parks, railway stations and tourist venues), shops, on the street and in cars. Thus, the technician's position depended on these kinds of use: Sitting; walking quickly or slowly, travelling in a vehicle.
All the readings were taken in Paris (France) or its surroundings between 08:00 and 20:00 hours. The calls lasted 2 min and took place between 28 July and 04 August 2011. Three 3G smartphones (HSPA) from three different manufacturers (available in the European market since 2010), two-band for GSM900 and DCS1800 and two-band for UMTS900 and UMTS2100, were used successively without pause, and with no delay between the 3G VoCS call and the 3G VoIP call of each telephone.
Kühn et al. 12 meanwhile, have shown that the mean radiated power of a 3G telephone in an urban area varied slightly from one telephony operator to another (2.7 dB peak-to-peak between three different operators). Our study will therefore be focused on the network of a single operator as is the case of most studies.
Our study will consider, successively, the following three points:
• To study the effect of places on the MNRP, the latter is calculated for each call, along with the ratios between the MNRPs in 3G VoCS and in 3G VoIP. • Statistics are drawn up on the full set of MNRP values. They consist of assessing the average MNRP, the SD, the median and the 90th percentile. Some of the results are compared with those obtained by Gati et al. 7 and Persson et al. 10 • Finally, we study the highest power attained for each call, as well as the length of time during which the power exceeded 50% of maximum power.
On a total of 135 couples of calls (3G VoCS and 3G VoIP), we have excluded those which lasted o50% of the time in 3G: this leaves us with a total of 110 couples.
RESULTS
The MNRP was assessed for the voice calls in 3G VoCS and 3G VoIP taking place together in different places (Table 1) . Table 2 presents the MNRP values and the 3G VoCS/3G VoIP MNRP ratios for these calls. They are divided into three categories: indoor, outdoor and in-car. It is observed that in 3G VoCS the MNRP values range from 0.01% to 0.71% and in 3G VoIP from 0.04% to 2.57%. The 3G VoCS/ 3G VoIP MNRP ratio is always negative and its value is limited to the interval from − 2.5 dB to − 7.9 dB, except for offices (dedicated network with microcells to ensure good coverage) for which the MNRPs are particularly weak with a ratio of − 13.1 dB. It is also observed that the average indoor MNRPs are around five times higher (+7 dB) than the average outdoor MNRPs, whether in 3G In Table 3 , the average MNRP, the SD, the median and the 90th percentile are shown for these calls. Globally, the MNRP in a 3G VoCS call is 0.22%, whereas the MNRP in a 3G VoIP call is 0.75%. This gives an average ratio of − 5.3 dB between a 3G VoIP call and a 3G VoCS call. On a linear scale, this corresponds to a ratio of 1:3.4.
It is to be noted that only 10% of all the calls made had an MNRP higher than 0.43% and 1.87% in 3G VoCS and 3G VoIP, respectively. Figure 3 shows the distribution function of the 220 readings. It is observed that 94% to 98% of the MNRPs are between − 50 and − 10 dB referred to P max .
Shown in Figure 4 is the cumulative distribution function of 3G VoCS and 3G VoIP voice calls. It is to be noted that the value on the far right corresponds to P max (0 dB).
It is observed that for 10% of the voice calls the highest power level is below − 45 dB (referred to P max ) and, at the other end of the scale, that 10% of the voice calls have power levels exceeding − 24 dB (referred to P max ).
Shown in Figure 5 is the cumulative distribution function for the highest normalised power reached in each call. It is to be noted that the value on the far right corresponds to P max (0 dB). It is observed that 84.5% of 3G VoCS calls and 69% of 3G VoIP calls never reach the maximum power (P max ) of the smartphone. It is also to be noted that 10% of these calls never exceed − 28 dB referred to P max in 3G VoCS, and − 22 dB in 3G VoIP.
Among the 110 3G VoCS and the 110 3G VoIP calls lasting 2 min each, the radiated power exceeds on average 50% of maximum power (i.e. P max /2) only during 40 ms and 231 ms, respectively, which is a very short time.
The results show a global trend, leading us to assert, first of all, that the mean power in a 3G VoIP call is very low, and second, that it is slightly higher than in a 3G VoCS call.
In order to verify whether the trend is statistic or systematic, the 3G VoCS/3G VoIP MNRP ratio was assessed for each couple. Figure 6 shows the CDF of the ratio.
It is noticed that 92% of the couples show a ratio of o 0 dB between the 3G VoCS calls and the 3G VoIP calls, as indicated in Figure 6 . Among the nine couples that show a ratio of over 0 dB, five correspond to readings taken in a car. In these conditions, the 3G VoCS and 3G VoIP calls did not occur in the same place, which produces unreliable results. Only the remaining four cases appear to correspond to a real inversion, which is very few.
DISCUSSION
With regard to the analysis by places, it is observed that the weakest MNRP was found in the railway stations (three stations covered by microcells), with extremely low values of o0.04%. This is followed by the "street" with a value of o 0.1%, evidencing the good coverage by the operator due to a high number of base stations. In indoor, the highest values are found in cafés/ restaurants where coverage is assured by the base stations outside. The in-car MNRPs are somewhere between the indoor and outdoor ones, irrespective of whether the calls are in 3G VoCS or in 3G VoIP. In terms of the 3G VoCS/3G VoIP MNRP ratio, the weakest ratio is observed in streets and parks. The ratio inside offices is the only one that really differs from other places. This is probably due to the fact that the two offices studied have a dedicated indoor coverage by microcells, so these are not representative of such places. It is likely that in offices without indoor coverage the ratio would be closer to that found in cafés/ restaurants. Finally, the average ratios for indoor, outdoor and incar are more or less the same. With regard to the global statistic analysis, taken as a whole, the MNRPs of telephones during 3G VoCS and 3G VoIP calls are of the same magnitude, that is, very weak, and on average, o 0.75% of P max . In UMTS technology, the theoretic maximum power (P max ) is 24 dBm (250 mW), which allows transforming the MNRPs into absolute power values in order to compare them with the results of other studies. Upon using telephones on a 3G network at 2100 MHz in Paris (France) and its suburbs, linked to a computer running specific software, Gati et al. 7 determined the mean power radiated by the telephone. For a 3G VoCS call, their study determined that the mean power in an urban environment is 0.2 mW outdoors and 1.7 mW indoors, which is identical to the results obtained with the SYRPOM (0.2 mW and 1.07 mW). Likewise, Gati et al. 7 concluded there is a gap of 6 dB in mean radiated power between the most commonly used data service and the voice service, which is also in accordance with our results (5.3 dB). Finally, Persson et al. 10 gathered up during 1 week the output powers of 3G telephones recorded by six different Radio Network Controllers on the TeliaSonera network. Readings were collected from a total of 800,000 hours of voice calls and different data services. The mean power observed for 3G VoCS in urban environments was 0.4 mW, close to the results of our own measuring campaign (0.55 mW), as were the median and the 90th percentile. Likewise, Persson et al. 10 found the mean power during a data transfer to be between 1.3 and 1.7 mW, which is also in line with our results (1.9 mW). A ratio of 5-6 dB was observed between a voice call and a data transfer, matching our own results (5.3 dB).
In the framework of these readings, only 10% of all the calls made, gave off an output power of more than 1.1 mW in VoCS and 4.7 mW in 3G VoIP.
CONCLUSION
Numerous readings were taken in a wide range of situations and places, allowing us to obtain a reliable statistic assessment of the mean radiated power of the telephone in 3G. In this study, intended to compare 3G VoIP and 3G VoCS voice calls made with the telephone held against the ear, the mean radiated power during 3G VoCS calls was assessed at 0.55 mW (i.e.,~0.22% P max ) and the mean radiated power during 3G VoIP calls was assessed at 1.9 mW (i.e.,~0.75% P max ). In 3G, there is on average a ratio of 1:3 between the mean radiated power in VoIP and that in VoCS, in a global sense, but likewise in a nearly systematic way irrespective of the place where the calls occur. Using the entire dynamic range, along with very efficient power control, the 3G technology makes it possible to achieve extremely weak radiated power levels. The very low average power levels associated with use of 3G devices with VoIP or VoCS support the view that RF exposure resulting from their use is far from exceeding the basic restrictions of current exposure limits in terms of SAR. A complementary study on LTE (4G) technology is currently being drawn up. Figure 6 . Cumulative distribution function for VoCS/VoIP uplink output power ratio for the 110 couples (dB).
